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Abstract 
The ability of digital neutron radiography to determine several important physical properties (e.g.  porosity) of porous media 
and to identify the location of constituencies inside the sample in a non-destructive manner, are of great important in the fields 
of nuclear waste encapsulation and –shielding, civil engineering and geological studies. Unfortunately material thickness and 
radiation scatter hamper the accuracy and precision of measurements. Correction methods are used to minimize the effect of 
neutron scattering in quantitative analysis neutron radiography experiment. To further minimize the error due to neutron 
scattering, it is advisable to position the sample as far away as possible from the neutron detector when perform quantitative 
neutron radiography. That requires the trade between sharpness and neutron scattering. In this work the neutron radiography 
quantitative experiments were performed when the samples are placed too close (§ 0.1 cm) to the detector; and accurate results 
of porosity measurement were obtained without applying any neutron scattering correction tool or method. 
© 2015 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of Paul Scherrer Institut. 
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1. Introduction 
Quantitative investigation using neutron radiography (NRAD) is associated with errors due to neutron scattering 
and the neutron energy spectrum, Hassanein et al (2005), Deinert et al (2005), Moradi et al (2009), Fijał-Kirejczyk 
et al (2010), and Kang et al (2013). Errors due to neutron scattering are being corrected using software tools, a 
scatter grid, controlling the sample size or by dispersion (increase the distance between the sample and the 
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detector), Kardjilov et al (2005), Mandour et al (2006), Kim et al (2007), Gilbert and Deinert (2012), Liu et al 
(2013).The effectiveness of those correction methods depend on the size of the sample, the sample material 
composition and/or the properties of the radiation facility. Previous studies has demonstrated the benefit of using 
correction methods or dispersion to minimize the errors due to neutron scattering; in this study the benefit of 
positioning the sample very close to the neutron detector while performing quantitative neutron analysis is 
demonstrated. Quantitative investigations done when the sample is placed very close to the detector during a 
neutron radiography experiment, has resulted in accurate and precise results on determining porosity 
measurements, and has eliminated the need of using  any correction methods,  correction tools or dispersion to 
minimized the errors.
2. Theory 
Neutron radiography uses the Beer-Lambert law (1) to identify materials based on their total mass attenuation 
coefficient (TMAC).  
ܫ ൌ ܫ଴݁ିఓ௫ (1) 
The TMAC is unique each material composition, hence it can be used to identify different elements. The TMAC 
is also independent of the thickness of the sample (2, 3). 
 ቀூబூ ቁ ൌ ߤݔ (2) 
ߤ ൌ ୪୬ቀ
಺బ
಺ ቁ
௫ (3) 
I transmitted neutron ray 
I0  initial neutron ray 
ʅ mass attenuation of the sample 
x the thickness of the sample 
The Beer-Lambert law is also successfully applied in porosity calculation in neutron radiography (4), Middleton 
et al (2001), de Beer et al (2004). 
߶ ൌ ୪୬ቀ
಺೏
಺ೞቁ
ఓೢ௫ (4) 
φ partial porosity 
Id transmitted neutron ray through the dry sample 
Is  transmitted neutron ray through the saturated sample 
ȝw mass attenuation of medium inside the pores 
x the thickness of the sample 
The weight and the volume of the sample are the two factors for verifying and baseline porosity calculation 
using the gravimetric method (5).
߶ ൌ ௐೞିௐ೏௏               (5) 
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φ partial porosity 
Ws weight of the sample when saturated 
Wd weight of the sample when dry 
V volume of the sample
Experimental 
3.1. Procedure 
Ideally, the porosity measured applying the 2 different techniques depicted equation (4) and equation (5) on the 
same sample should give similar results. The discrepancy is mostly due to the detection of multi-scattering of 
neutrons by the sample or the environment (Fig 1) when detected alongside the direct neutron beam. Liquid water, 
as contrast agent and - despite being a highly scattering material, is mostly used in neutron radiography for porosity 
calculation. 
Fig. 1. Schematic diagram of neutron scattering from the sample or the environment on the scintillator detector. The scattered neutrons 
contribute to the error in porosity measurement using neutron radiography. 
Multi-scattering effects increases with the thickness of the sample, hence the experimental calculation ofߤ for 
water as example, is not constant and this contradict the theoretical prediction as per equation-3; it varies mostly 
due to the increase in water thickness. The non-linearity of the experimental value of ߤ  for water calls on 
calibration in advance when ߤ௪௔௧௘௥  is being practically determined using different thickness of water. In case the 
pores of the sample are saturated with water, the experimental value of  ߤ௪௔௧௘௥  is used in porosity measurement. 
The porosity results calculated from neutron radiography were compared with the porosity results obtained from 
the conventional gravimetric method being used in this study. 
In this study the water thickness Calibration performed (Fig. 2) when the samples were place very close (at § 0.1 
cm) to the neutron detector (Fig. 3).
3.2. Experimental setup and data processing
The porosity measurement experiment were done at the neutron radiography facility at Necsa and repeated at the 
neutron radiography facility at Kaeri. At the neutron radiography at Necsa, a neutron scintillation screen 
(6LiF/ZnS: Cu,Al, Au)  and Peltier-cooled (1024 x1024) CCD camera, de Beer (2005) were used in neutron 
detection while at Kaeri neutron facility, a Li6-based scintillator and L DW CCD camera (2048 x 2048) were used, 
Sim et al (2014), Sim et al (2004).  
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Fig. 2. Different thickness (1 to 10 mm) of aluminium containers were used in water thickness calibration forߤ௪௔௧௘௥. 
Fig. 3. Schematic representation of  sample position during water thickness calibration and porosity measurement. The sample is positioned 
as close as possible to the neutron detector. 
During the neutron radiography scan, the samples were positioned at the same area and at the closest position to 
the neutron detector as shown in Fig. 3, meaning that the sample to detector position was minimized (§ 0.1 cm). 
Concrete and mortar (Fig. 4) were used as porous media samples; the thickness of porous media samples varied 
between 1.5 and 1.7 cm. Table 1 describes the set up parameters used in 2D-neutron radiography porosity 
experiments. There are, however, a couple of parameters, unique to any neutron radiography facility, which cannot 
be changed to standardize and thus compare 1-1 based research results, but the principle can be applied 
successfully despite the differences.    
Table 1. Experimental set up parameter.
Parameters Neutron radiography at Necsa Neutron radiography at Kaeri 
Sample position from the scintillator screen (cm) § 0.1  § 0.1  
Number of radiographs of each sample 3 5 
Exposure time (second) 20  20 
Field of view (cm) 10 x 10 15.5 x 15 
Detector pixel size (cm) 0.0098 0.0111 
Spatial resolution (cm/pixel) 0.0097 0.0111 
Number of dark current images 3 5 
Number of flat field (open beam) radiographs 3 5 
Sample thickness (cm) 1.4 ~ 1.7 1.4 ~ 1.7 
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Fig. 4. Examples of porous media sample used in the experiment. Mortars (left) and concretes (right). The height varies from 5 to 7 cm, the 
width from 4.5 to 5 cm and the thickness from 1.4 to 1.7 cm. 
The data processing of radiographs were done consecutively as follow: 
• Obtain of the averaged neutron radiograph from multiple radiographs within the raw data  
• Removal of the remaining white spots in the averaged radiograph 
• Normalization of the averaged radiograph for each sample to the averaged open beam radiograph 
• Subtraction of the averaged dark current image from the averaged radiograph for each sample 
The intensity Id and Is (see equation 4) were calculated from the average of gray value pixels in the region of 
interest as shown in Fig 5. 
Fig. 5. Region of interest: Intensity values of Id which is  the gray value of the dry sample (a,c) and the values of  Is as  the gray values of the 
saturated samples (b, d) were measure as the average value of the region of the interest (red box in the images) on porous media samples.
4. Result and discussion 
The set up shown in Fig. 3. where the sample is positioned at a distance as close as possible to the neutron 
detector, increases the probability of:
• The scattered neutrons from the sample to be detected in the region of interest.  
• The scattered neutron from the environment to have passed through the sample when they are detected in the 
region of interest. 
The contribution of the scattered neutrons to the transmitted beam did not in this case impact negatively on 
water thickness calibration as shown in Fig. 6. 
Ă ď
Đ Ě
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Fig. 6. Result of Water thickness calibration ofߤ௪௔௧௘௥  when the samples were scanned very close to the neutron detector. Radiographs of 
different thickness of water and empty containers (left); the resulting graph (right) is linear as predicted in equation (2). The results were 
confirmed at both neutron radiography facilities at Kaeri, Korea and Necsa, South Africa. 
Both water thickness calibration from Necsa and Kaeri shows the results of a linear graph of similar coefficient 
as the thickness of water increases. The value (§1.07 cm-1) of the coefficient of the graphs is far different from the 
theoretical literature value (3.47 cm-1) of mass attenuation coefficient of water. The difference is due to the 
contribution of the scattering component of the neutron beam as expected. The theoretical literature value (3.47 
cm-1) is calculated without taking into account the multi- scattering effects. 
Despite the different between the experimental value and the theoretical literature value of ߤ௪௔௧௘௥, there was no 
neutron scattering correction done to correct  the experimental value (§1.07 cm-1)  of ߤ௪௔௧௘௥Ǥ The reasoning is that 
the experimental value of the calibrated ߤ௪௔௧௘௥    when the sample is very close (§ 0.1cm distance between the 
detector and the sample) fit very well in the Beer-Lambert law. Hence the experimental value (§1.07 cm-1) was 
used in equation (4) to calculate the porosity of mortars and concrete samples. The results of calculation were in 
good agreement (Fig. 7, and table 2,3) with  porosity results from the conventional gravimetric analytic method.
Fig. 7. Porosity calculation using neutron radiography and gravimetric method Measurement done at Necsa (left), measurement done at Kaeri 
(right). The neutron radiography scans were done when the sample was as close as possible to the neutron detector position and all the 
calculation were done without any neutron scattering correction. 
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Table 2. Results of experiments performed at Kaeri.  Difference between the porosity (̴) calculated using neutron radiograph and 
gravimetric methods. All the samples were placed very close to the detector (§ 0.1 cm from the scintillator screen) and the calculations 
were done without any neutron scattering correction. 
Concrete id Thickness (cm) ̴ Neutron radiography ̴ Gravimetric Difference 
C-1-6 1.52 11.79% 10.08% 1.71% 
C-1-8 1.60 11.11% 10.07% 1.04% 
C-1-4 1.58 12.25% 9.99% 2.26% 
C-1-5 1.49 11.59% 10.40% 1.19% 
Table 3. Difference between the porosity (̴) calculated using neutron radiograph and gravimetric method.  Experiments were performed at 
Necsa. All the samples were placed very close to the detector (§ 0.1 cm from the scintillator screen) and   the calculations were done 
without any neutron scattering correction. 
Concrete id Thickness (cm) ̴ Neutron radiography ̴ Gravimetric Difference 
C1-1 1.70 8.48% 8.31% 0.17% 
C 1-2 1.53 11.78% 9.43% 2.36% 
C 1-3 1.59 10.07% 9.68% 0.39% 
C 1-4 1.58 11.00% 9.84% 1.15% 
C 1-5 1.49 10.27% 9.47% 0.80% 
C 1-6 1.52 11.01% 9.72% 1.29% 
C 1-7 1.58 12.83% 11.88% 0.95% 
C 1-8 1.60 11.90% 10.91% 0.99% 
C 1-9 1.47 11.38% 10.32% 1.06% 
C 1-10 1.50 12.26% 10.73% 1.53% 
5. Conclusion 
It was found that there is an agreement of porosity determination using the conventional gravimetric method 
and neutron radiography when the sample is positioned very close (§ 0.1 cm) to the detector. The agreement is 
being observed without any neutron scattering correction made on either the water calibration radiographs or thus 
the porosity measurements. Hence there is no need to use software tools, a scatter grid or dispersion to correct for 
the neutron scattering when the sample is very close (§ 0.1 cm) to the detector.  
So far a 10 mm maximum thickness of water was used during calibration; further investigation is needed to 
determine the maximum “safe” thickness of water calibration at the detector position. The experimental ߤ௪௔௧௘௥
calculated when the sample is very close (§ 0.1 cm) is called the “material stopping power”. Future studies are 
required to investigate the use of the “material stopping power” principle to successfully identify chemical 
elements or compound material within the sample. Future studies will also include the determination of the thickest 
sample to be radiographed in this position without applying scattering correction methods in order to correlate with 
high degree with e.g. the gravimetric method. 
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